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Defolliculated is a novel spontaneous mouse muta-
tion that maps to chromosome 11 close to the type I
keratin locus. Histology shows abnormal differenti-
ation of the sebaceous gland, with the sebocytes pro-
ducing little or no sebum and undergoing abnormal
corni®cation. The hair follicles fail to regress during
catagen leading to abnormally long follicles. In con-
trast the hair shafts are shorter than normal, suggest-
ing altered differentiation or proliferation of matrix
cells during anagen. The shafts emerge from the fol-
licle with corni®ed material still attached. The der-
mis contains increased numbers of immune cells,
including T cells (CD4-positive), macrophages, and
mast cells, at all time points examined. Complete
elimination of all pelage and tail follicles occurs after
two to three hair cycles, apparently by necrosis.
Defolliculated may be a useful model for determin-
ing further functions of the sebaceous gland, and for
understanding the regulation of catagen and hair fol-
licle immunology. Key words: hair follicle/hair growth
cycle. J Invest Dermatol 119:32±37, 2002
T
he hair follicle is a complex appendage of the
epidermis consisting of many different cell lineages,
each with their own differentiation pattern (Abell,
1994). These cell lineages form the outer and inner
root sheaths, the layers of the hair shaft itself, and the
sebaceous gland. The inner root sheath and hair shaft are derived
from pluripotent matrix cells in the bulb at the proximal end of the
hair follicle (Hardy, 1992). The hair follicle undergoes cycles of
growth (anagen), regression (catagen), and rest (telogen) through-
out the lifetime of the organism. Stem cells are believed to reside in
the bulge, a thickened region of the outer root sheath beneath the
sebaceous gland where the arrector pili muscle attaches (Cotsarelis
et al, 1990; Morris and Potten, 1994); however, there is evidence
that stem cell activities in the follicle are complex and stem cells
may move over the course of the cycle (Reynolds and Jahoda,
1991; Reynolds et al, 1993; Oshima et al, 2001; Panteleyev et al,
2001). The dermal papilla, a cluster of specialized dermal cells
located at the proximal end of the follicle, is involved in signaling to
the epithelial cells of the follicle during morphogenesis and hair
cycling (Reynolds and Jahoda, 1991).
The signaling pathways regulating hair follicle morphogenesis
and cycling are still poorly understood, although the study of
spontaneous and experimentally generated mutations in mouse
have made a huge impact in recent years (Stenn and Paus, 2001).
Owing to the use of inbred strains and the possibility of breeding
large pedigrees, mouse linkage analysis has great potential for the
discovery of human disease genes. Mouse hairless, Tabby, and nude
mutations, for example, have led investigators to the cause of
several disorders associated with alopecia in humans (Panteleyev et
al, 1998; Frank et al, 1999; Monreal et al, 1999). A particular
advantage of mouse models is that the hair cycle is synchronized, in
contrast to human hair follicles that cycle independently of their
neighbors (MuÈller-RoÈver et al, 2001). Mouse tissue harvested at
speci®c time points can be invaluable for determining the effect of a
particular mutation on follicle morphogenesis or cycling.
We describe the phenotype and linkage analysis of a new
spontaneous mouse mutation, Defolliculated (D¯), located on
chromosome 11. This mouse mutant strain is potentially useful
for studying the functions of the sebaceous gland and the
immune system in the hair follicle as well as for understanding
the regulation of catagen.
MATERIALS AND METHODS
Mice The mouse mutation giving rise to the D¯ phenotype occurred
spontaneously in a BALB/c colony at the University of Bonn, Germany.
The colony was derived from BALB/c mice obtained from Harlan
Winkleman (Germany). On this background D¯/+ mice bred poorly.
For this reason, a single BALB/c mutant male was crossed with C57BL/
6. The strain has been backcrossed on to C57BL/6 (Harlan, U.K. Ltd,
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Loughborough, U.K.) for ®ve generations (N5) and can therefore be
considered a incipient congenic strain. The colony was not maintained
under speci®c pathogen-free conditions. The phenotype, however, is
unlikely to be due to infection as the progression of the hair loss
phenotype has been identical in all siblings and in each generation. The
colony is also free of ectoparasites and dermatophytes (tested by Harlan
U.K.).
Histology and immunohistochemistry Affected mice and controls
used for histology were age and sex matched from the same litter. At
least three +/+ and three D¯/+ mice from different litters were
examined at weekly time points from 1 to 12 wk of age and at 4 mo
and 1.5 y. Full thickness skin samples were ®xed in neutral buffered
formalin, embedded in paraf®n wax, sectioned, and stained with
hematoxylin and eosin. Samples of dorsal and tail skin were also ®xed in
Carnoy's ®xative and stained with Alcian blue for analysis of mast cells.
The following organs were also examined for defects from three +/+
and D¯/+ mice more than 6 mo of age: liver, lung, kidney, eye, spleen,
colon, stomach, eyelid, preputial gland, anal glands, eccrine glands, and
ceruminous glands.
Frozen samples of full thickness skin were also prepared as described
previously (Paus et al, 1999). Frozen sections were ®xed in methanol/
acetone (1:1) at ±20°C for 5 min. Sections were incubated with one of
the following: polyclonal antibodies to keratins K6 or K17 diluted 1:500
(gifts from Pierre Coulombe), keratin K16 (RPmK16; generated here)
diluted 1:500, ®laggrin or loricrin diluted 1:250 (Covance, Richmond,
CA), mouse monoclonal antibody 1118 to vimentin used undiluted (a
gift from Christoph Viebahn), biotinylated hamster anti-CD3 diluted
1:100 (Pharmingen, San Diego, CA), rat anti-mouse CD4 diluted 1:100
(Pharmingen), and rat anti-mouse MAC1 diluted 1:250 (Pharmingen).
All incubations were carried out at room temperature for 1 h. Staining
with the Ki67 antibody was carried out overnight at 4°C at 1:50 dilution
(MM1; Novacastra, Newcastle-upon-Tyne, U.K.) on frozen sections
®xed in 4% paraformaldehyde in phosphate-buffered saline. Secondary
antibodies used were anti-rabbit or anti-rat immunoglobulins conjugated
to Alexa-488 diluted 1:500 (Molecular Probes, Eugene, OR), or goat
anti-mouse IgM/immunoglobulins conjugated with ¯uorescein isothio-
cyanate (Sigma, Poole, U.K.) diluted 1:100, or ¯uorescein isothio-
cyanate-conjugated streptavidin (Vector Laboratories Inc., Burlinghame,
CA) diluted 1:100.
Linkage analysis A single BALB/c D¯/+ male was crossed with three
different C57BL/6 females giving rise to four males and six female D¯/+
mutants. These were crossed again with C57BL/6 mice to give 132 F2
progeny. Sixty of 132 F2 mice were affected indicating dominant
inheritance of the phenotype. Tail tips were removed from F2 mice of
various ages when they were killed for histology. DNA was extracted
using the Qiamp tissue kit (Qiagen, Crawley, U.K.). Polymerase chain
reaction was carried out with an initial denaturing step of 94°C for
5 min followed by 40 cycles of denaturing at 94°C for 30 s, annealing at
55°C for 30 s, and synthesis at 72°C for 45 s; Taq polymerase (Perkin
Elmer Corp., Foster City, CA) in supplied polymerase chain reaction
buffer with 1.5 mM magnesium chloride was used. Sequences of primers
for microsatellite markers were obtained from the web page of the
Whitehead Institute/MIT Center for Genome Research (URL: http://
genome.wi.mit.edu/).
RESULTS
Phenotype This new mouse mutation arose spontaneously in a
BALB/c colony at the University of Bonn, Germany. Mutant mice
can be distinguished from their +/+ littermates from 7 d after birth
by their thick, folded skin. By 10 d of age, their guard hairs appear
to stick out, probably due to the shortness of the undercoat. Hair
loss begins between 3 and 4 wk, generally in a random manner,
although fur loss is usually more advanced on the ventral surface
(Fig 1). A second, sparse, coat re-grows but is lost by 4 mo of age.
Snout hairs and vibrissae are retained for longer. Corneal opacities
are common in older animals. Affected animals are slightly smaller
than their normal littermates.
Histology of epidermis and hair follicles D¯/+ mice show
abnormal differentiation of sebaceous glands with little or no sebum
Figure 1. Phenotype of D¯ mice. (a) D¯ mouse (top) at 4.5 wk of
age with +/+ littermate (bottom). Fur loss occurs in a random patchy
manner, faster from the ventral surface than the dorsal side. (b) D¯
mouse (top) at 4 mo. Pelage fur is completely lost; only vibrissae and
snout hairs persist.
Figure 2. Sebaceous and meibomian glands are defective in D¯/+
mice. Sebaceous glands are particularly prominent in the tail epidermis of
+/+ mice (a). In D¯/+ mice (b) the sebaceous gland rarely has lipid-
producing cells and the cells are abnormally corni®ed. The meibomian
gland is a large specialized sebaceous gland with a duct opening into the
inner eyelid (c). This gland also has very few lipid producing cells in D¯/+
mutants (d) (see arrow). Scale bar: 50 mm.
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production and some corni®cation. This is particularly noticeable
in the tail where large prominent sebaceous glands would be
expected in +/+ specimens. Filaggrin and loricrin are two proteins
involved in the cornifying differentiation of keratinocytes that are
not normally expressed in sebaceous glands. Filaggrin but not
loricrin was detected in these abnormal D¯/+ sebaceous glands (not
shown). Lipid production in the preputial gland and meibomian
gland of the inner eyelid was also decreased (Fig 2). As the function
of the meibomian gland is to prevent evaporation of tears covering
the surface of the eye, the reduced lipid production in the cells of
this gland are the likely cause of the corneal opacities in the older
mice. Regions of the cornea of older mice showed moderate to
severe thickening of the epithelium (data not shown). The anal and
clitoral glands, the eccrine sweat glands of the footpad, and the
apocrine ceruminous glands of the outer ear were normal.
Mice from 1 wk of age show an acanthotic and hyperkeratotic
epidermis (Fig 3) with focal parakeratosis in some places (not
shown). This is due, at least in part, to increased proliferation as
there is increased expression of the proliferation marker Ki67 (not
shown). The epidermis shows an altered differentiation state typical
of thickened epidermis with the induction of hyperproliferation
associated keratins K6, K16, and K17, keratins normally con®ned
to the hair follicle (not shown) (Porter et al, 1998).
Obvious differences in the morphology of the hair follicles are
evident in the infundibulum, which is often dilated and plugged
with corni®ed material. Hairs emerge with corni®ed material still
attached (Fig 3). These features are also seen in asebia mutants
(Sundberg et al, 2000). Vibrissae show similar defects to pelage
follicles.
Comparison of D¯/+ and +/+ mice at different time points
indicated a defect in catagen. At 21 d the +/+ mice are clearly in
telogen. The D¯/+ mutants, however, have long follicles that
appear to have undergone catagen as the dermal papilla is no longer
surrounded by a bulb, but they have not shortened in length
(Figs 3c,d). This results in abnormally long follicles in the second
hair cycle (not shown).
It would appear from this histology that the D¯/+ follicles fail to
regress during catagen. To test whether this is due to increased
proliferation, sections at each time point were stained with an
antibody to the proliferation marker, Ki67. Ki67 positive cells were
present in the outer root sheath of the long follicles of the mutant at
Figure 3. The hair cycle is defective in D¯/+ mice. At 1 wk +/+
(a) and D¯/+ (b) hair follicles are in anagen. At 21 d +/+ hair follicles
are in telogen (c).In D¯/+ (d) the bulb has regressed but the follicles
have not shortened. (d¢) shows the dermal papilla (arrow in d) at a higher
magni®cation. Scale bar: 50 mm.
Figure 4. Abnormally high numbers of Ki67+ cells are present in
D¯/+ catagen follicles. Ki67+ cells are rarely seen in the telogen
follicles of 3 wk old +/+ mice (a), but are common in the outer root
sheath of the long catagen follicles of D¯/+ mice (b). Scale bar: 50 mm.
Figure 5. D¯/+ mice lose the hair follicle completely. At 4 mo
D¯/+ mutant mice have no hair follicles. All that remains are linear
tracts of melanocytes (b). Wild-type +/+ control (a). At 1.5 y the skin is
very acanthotic in D¯/+ mutants (d) compared with the normal very
thin epidermis of adult mice (c). The three pilosebaceous units under
each scale of the tail (a) are also absent in D¯/+ mutants at this age ( f ).
Scale bar: 50 mm.
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times when the +/+ telogen follicles showed few if any positive
cells (Fig 4). No histologic abnormalities were detected in the
other epithelial tissues examined.
Mechanism of hair follicle destruction Histology of mice
4 mo of age shows that the hair follicles have been reduced to
pigmented tracks of melanocytes (Fig 5). By 1.5 y, all signs of hair
follicles had disappeared in dorsal and tail skin (Fig 5). Only the
vibrissae remain. Destruction of hair follicles occurs between 9 and
12 wk of age. Increased cellularity of the dermis is apparent at all
time points. These cells were identi®ed as ®broblasts, mast cells,
macrophages, and T cells (CD4 positive) (not shown). CD3-
positive T cells were also increased in number in the epidermis.
Although immune cells were increased at all time points they were
not speci®cally associated with the hair follicles at early time points
before hair follicle destruction had begun. Histology at 9 wk shows
clusters of immune cells around the degrading proximal follicle and
broken off fragments of hair shafts (not shown).
Hair shaft abnormalities Three types of pelage hair, the guard,
awl, and zigzag hairs, were found to be almost half the length of the
equivalent hairs of their +/+ littermates (see Table I). Auchenne
hairs were dif®cult to ®nd in D¯/+ mice. Hairs were matted
together due to adherent surface material, probably from sloughed
stratum corneum or inner root sheath. Scanning electron
microscopy of hairs plucked from the mutant mice showed that
the cuticle was apparently normal; irregularities were occasionally
observed, but no more often than in +/+ hairs (data not shown).
Claws were also apparently normal.
The number of segments of the D¯/+ zigzag hairs was the same
as in +/+ ones, suggesting that the shorter length was not due to
breakage but due to altered differentiation or proliferation of matrix
cells.
D¯ is mapped to the Bareskin (Bsk) locus Spontaneous
mouse mutations with poor sebaceous gland differentiation have
been reported previously, as asebia and Bsk mutants. Mutant asebia
mice are homozygous for mutations in Scd1, the gene encoding
stearoyl coenzyme A desaturase 1, an enzyme involved in fatty acid
metabolism (Zheng et al, 1999). The phenotype of these mice has a
number of features in common with D¯ in addition to hypoplastic
sebaceous glands. These include abnormally long anagen hair
follicles, short hair shafts, and loss of hair follicles leading to alopecia
(Sundberg et al, 2000). In asebia mutants, however, the severity of
alopecia increases with successive hair cycles, whereas in D¯/+
mutants hair follicle loss is complete by 4 mo of age.
The Bsk mutation is an autosomal dominant mutation that maps
to chromosome 11 close to the cluster of type I keratin genes (Lyon
and Zenthon, 1986). A full histologic analysis of Bsk has not been
carried out. What is known is that in 10 mo old Bsk/+ mice large
areas of epidermis have no hair follicles (Sundberg, 1994). In the
snout, vibrissa follicles are present but the sebaceous glands of
adjacent pelage follicles are rudimentary and undergo abnormal
corni®cation. This is comparable with D¯/+ mutants; however,
unlike D¯/+ mutants the hair shafts are apparently normal in
length. D¯/D¯ mice, like Bsk/Bsk mice are viable (phenotype to
be published elsewhere).
It was impossible to carry out allelism testing with Scd 1ab or Bsk
because D¯ is dominantly inherited. It was therefore necessary to
test F2 mice from the BALB/c 3 C57BL/6 backcross for linkage
to the two candidate loci. 60/132 F2 mice were affected indicating
a fully penetrant, dominantly inherited mutation. Using a marker
close to Scd 1, we showed D¯ did not map to the asebia locus;
however, evidence of linkage was obtained with a marker in the
type I keratin locus. One hundred and thirty-two mice were then
subjected to haplotype analysis with either D11mit59 or
D11mit123, and markers 1±2 cM either side, D11mit145 and
D11mit360. The eight recombinants identi®ed were then used for
a more detailed haplotype analysis (Fig 6). The D¯ locus lies
between D11Mit98 and D11Mit123. The markers D11Mit59
(within Krt1±19) and D11Mit123 (within the Kha1 gene) are
excluded. Comparisons of the relative positions of the microsatellite
markers used here with the type I keratin genes on chromosome 11
(Sato et al, 1999) excludes all known keratin genes at this locus
except for Krt1-10, Krt1-12, and Krt1-c29. Krt1-c29 is a potential
candidate for D¯ because it is highly homologous to human type I
keratin genes expressed in the inner root sheath (Bawden et al,
2001). Krt1-12 is not expressed in skin and Krt1-10 mutations
observed in humans and mouse have not shown any effect on the
hair follicle previously (Corden and McLean, 1996; Porter et al,
1996), making these less likely candidates.
Sequencing of the full-length c29 cDNA indicated a mis-sense
mutation leading to a R380H change. This mutation segregated
with the phenotype in all the recombinants; however, sequence
analysis of Krt1-c29 from a number of different strains of mice,
including BALB/c, indicated that this mutation was in fact a
common polymorphism. This is, however, a useful single
nucleotide polymorphism that is linked to the phenotype and
con®rms linkage to the type I keratin locus.
DISCUSSION
We have described a new spontaneous mutation, D¯, that shows
abnormal differentiation of the sebaceous gland, a defective hair
cycle, shorter than normal hair shafts and eventually, elimination of
all pelage and tail hair follicles. The mutation has been mapped
close to the type I keratin locus on chromosome 11, although our
linkage and sequence analysis suggests the candidate gene for D¯ is
unlikely to be a keratin.
Table I. Hair shaft measurements
Hair type +/+ D¯/+
Guard hairs 11.7 6 0.7 mm 7.7 6 1.1 mm
Awl hairs 8.0 6 0.4 mm 3.6 6 0.4 mm
Zigzag hairs 6.8 6 0.5 mm 3.2 6 0.4 mm
Figure 6. Haplotype analysis of D¯/+ and +/+ mice. The original
BALB/c mutant was crossed with C57BL/6 mice and F2 mice were
subjected to haplotype analysis. Black boxes (homozygous for C57BL/6
microsatellite); shaded boxes (heterozygous); and white boxes (not done).
D11Mit microsatellite numbers are given down the left-hand side.
Numbers of mice are shown along the bottom. The locus is indicated by
brackets.
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Of the other mice that have hair defects and are mapped to
chromosome 11, Bsk is the only one that has abnormal sebaceous
gland differentiation. Unlike D¯/+ mutants, Bsk/+ would appear
to differ in that there are no alterations in hair shaft length. A
detailed histologic study of Bsk has not been carried out so further
comparisons are dif®cult. Linkage of Bsk is also rudimentary. One
cross-over between Bsk and Re in 811 progeny has been detected
indicating close proximity of the two loci (Lyon and Zenthon,
1986). We cannot exclude the possibility that the same gene causes
both Bsk and D¯ phenotypes.
It is dif®cult to determine what part of the phenotype is the
primary defect and what are secondary effects. The thickened
epidermis for example is probably due to the in¯ammatory cell
in®ltrate. The close parallels between the asebia and D¯ phenotypes
are interesting. The asebia mutation is in an enzyme involved in
lipid metabolism and yet the phenotype involves aberrant hair
follicle cycling, increased in¯ammatory cells, and short hair shafts
(Zheng et al, 1999; Sundberg et al, 2000). The primary cause of the
phenotype in D¯ may therefore be defective differentiation of the
sebaceous gland. Cell lineages in the hair follicle are determined by
the Lef1/Tcf transcription factors, transducers of WNT signaling
(Merrill et al, 2001). Perhaps a defect in this pathway could lead to
cornifying keratinocytes rather than sebocytes. It may be signi®cant
that there is a cluster of WNT genes on chromosome 11 close to
the keratins.
Long follicles, short hair shafts, and a failure to undergo normal
catagen are also phenotypic characteristics of null and dominant
negative mutants of the epidermal growth factor receptor (EGFR)
(Murillas et al, 1995; Hansen et al, 1997). Future studies will
determine whether altered signaling through the EGFR is involved
in causing the D¯ phenotype, although EGFR mutants have a
wavy hair phenotype not seen here. Other growth factors that have
been implicated in catagen induction are ®broblast growth factor 5
and transforming growth factor-b (Hebert et al, 1994; Foitzik et al,
2000). Knockout mice for either of these growth factors have an
extended anagen but eventually catagen does occur, suggesting the
existence of several alternative pathways leading to catagen. The
fact that the matrix cells cease division in D¯ (and EGFR) mutants
suggests that catagen is delayed or blocked after initiation. The
extended anagen in ®broblast growth factor 5 mutants leads to
longer hair shafts (Hebert et al, 1994). The zigzag hairs of ®broblast
growth factor 5 mutants have an additional segment. The zigzag
hairs of D¯/+ have an identical number of segments to +/+ but all
are shorter than normal, although the second anagen phase of D¯/
+ mutants does not appear any shorter than +/+ animals. This
perhaps indicates altered differentiation or proliferation of matrix
cells. Overexpression of WNT3 or plakoglobin in the outer root
sheath also lead to a similar shortening of the hair shaft (Millar et al,
1999; Charpentier et al, 2000).
Degeneration of hair follicles is a feature shared by a number of
mouse mutants with hair follicle defects. In asebia and EGFR
mutants, bare hair shafts in the dermis or puncturing the bulb have
been observed surrounded by macrophages or other in¯ammatory
cells, and it was suggested that exposure of naked hair shafts may
have triggered an in¯ammatory response that led to hair follicle
destruction (Murillas et al, 1995; Sundberg et al, 2000). Similar
observations were made in D¯/+, but this explanation seems
unlikely to account for mass and complete hair follicle destruction
over a relatively short time course.
In¯ammatory mechanisms are thought to play a part in several
human hair disorders. Permanent deletion of hair follicles occurs
when in¯ammation is directed to the stem cells, as in scarring
alopecia (reviewed in Paus and Cotsarelis, 1999). Stem cells do not
appear to be the primary target of the immune response in D¯/+
mutants. The number of immune cells (including mast cells,
macrophages, and T cells) ¯uctuates during the hair cycle, although
their role in hair follicle cycling is unclear (Paus et al, 1998). High
densities of macrophages are occasionally seen clustered around hair
follicles in normal murine skin and it has been suggested that a
mechanism for programmed organ deletion may exist to remove
damaged or malfunctioning hair follicles (EichmuÈller et al, 1998);
however programmed organ deletion also seems to target the stem
cells. There is evidence that the sebaceous gland is the primary
target in some forms of scarring alopecia (as discussed in Stenn and
Sundberg, 1999) and that once the sebaceous glands have been
destroyed, the loss of the hair follicles becomes inevitable with
time. The fact that the hair follicle is eventually destroyed indicates
the importance of the sebaceous gland for the continued existence
and functioning of the hair follicle and suggests functions so far
unrecognized. D¯ may be a useful model system for determining
further functions of the sebaceous gland, understanding the hair
cycle and the mechanism of hair loss in sebaceous gland-directed
scarring alopecias.
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